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ABSTRACT
Cold brown dwarfs are excellent analogs of widely separated, gas giant exoplanets, and provide insight
into the potential atmospheric chemistry and physics we may encounter in objects discovered by future
direct imaging surveys. We present a low resolution R ∼ 300 M -band spectroscopic sequence of seven
brown dwarfs with effective temperatures between 750 K and 250 K along with Jupiter. These spectra
reveal disequilibrium abundances of carbon monoxide (CO) produced by atmospheric quenching. We
use the eddy diffusion coefficient (Kzz) to estimate the strength of vertical mixing in each object.
The Kzz values of cooler gaseous objects are close to their theoretical maximum and warmer objects
show weaker mixing, likely due to less efficient convective mixing in primarily radiative layers. The
CO-derived Kzz values imply that disequilibrium phosphine (PH3) should be easily observable in all
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2of the brown dwarfs, but none as yet show any evidence for PH3 absorption. We find that ammonia is
relatively insensitive to atmospheric quenching at these effective temperatures. We are able to improve
the fit to WISE 0855’s M -band spectrum by including both CO and water clouds in the atmospheric
model.
Keywords: Brown dwarfs, T dwarfs, Y dwarfs, Exoplanets, Free floating planets, Extrasolar gas giants,
Exoplanet atmospheres, Planetary atmospheres
1. INTRODUCTION
Studying the methane, ammonia, and water rich at-
mospheres of late T and early Y- type brown dwarfs is
an endeavour that both challenges and improves our un-
derstanding of physics and chemistry within the atmo-
spheres of gaseous objects. All current directly imaged
planets fall somewhere within the effective temperature
range of known brown dwarfs (Faherty et al. 2016; Bowler
2016); the coldest brown dwarfs can be used to fore-
cast the spectroscopic features in colder gas giants we
may detect with future direct imaging surveys. We want
to know what gas giant planets are made of, how they
form, and the processes that take place within their at-
mospheres. Atmospheric studies of cool brown dwarfs
are key to interpreting observations of widely separated
gas giant planets.
Y-dwarfs are the coldest type of brown dwarf. They
were recently discovered with the WISE mission (Cush-
ing et al. 2011; Kirkpatrick et al. 2012) and several ef-
forts have been made to characterize them using pho-
tometry and spectroscopy, primarily across the near in-
frared. Some of the earliest spectroscopic work by Cush-
ing et al. (2011) and Kirkpatrick et al. (2012) showed
that the near infrared absorption features of ammonia
(NH3), water (H2O), and methane (CH4) cause the J
(1.2 µm) and H (1.6 µm) - band peaks to become nar-
rower along the late-T to early-Y dwarf sequence. The
main gaseous constituents of late-T and early-Y dwarf
atmospheres are known, but atmospheric models often
do not fit the available data well (Morley et al. 2014;
Beichman et al. 2014; Schneider et al. 2015; Luhman &
Esplin 2016; Leggett et al. 2012, 2019b).
The bright thermal background of Earth’s atmosphere
makes ground-based mid-infrared (3 µm - 5 µm) observa-
tions of brown dwarfs and gas giant exoplanets challeng-
ing, however “the difficulties of observing in this part
of the spectrum are outweighed by the rich variety of
molecular bands that are detectable in this interval”(Noll
1993). The 3 µm - 5 µm portion of the mid-infrared is
where T- and Y- dwarfs emit the majority of their flux
and several important gases such as water and methane
can be detected (Burrows et al. 2003; Lodders & Fegley
2002; Morley et al. 2014). Water absorption was detected
in the M -band (4.5µm - 5µm) spectrum of the coldest
brown dwarf, WISE J085510.83-071442.5 (WISE 0855,
250K, Luhman (2014); Skemer et al. (2016)). Methane
can be detected in both near infrared and L-band (3µm -
4µm) spectra of late T-dwarfs (e.g. UGPS 0722, Leggett
et al. (2012)), but the mid-infrared becomes important
for characterizing Y-dwarfs such as WISE 0855 spectro-
scopically (Morley et al. 2018) because these objects emit
most of their flux beyond 3µm (Beichman et al. (2014);
Leggett et al. (2019b)).Water and methane can be used
to estimate the overall atmospheric oxygen and carbon
bmiles@ucsc.edu
abundances of cool brown dwarfs (Line et al. 2015, 2017;
Zalesky et al. 2019) and by extension, gas giant exoplan-
ets that share the same effective temperatures.
Other trace species like carbon monoxide (CO), phos-
phine (PH3), arsine (AsH3), germane (GeH4), and am-
monia (NH3) could potentially be detected between 3µm
and 5µm (Morley et al. 2018), providing constraints on
properties such as atmospheric mixing and abundance
measurements beyond carbon and oxygen. T- and Y-
spectral type brown dwarfs have methane as the dom-
inant carbon-bearing species, but carbon monoxide gas
can be brought into the methane-rich regions of the at-
mosphere through large scale vertical mixing (Lodders
& Fegley 2002). Disequilibrium carbon monoxide abun-
dances have been inferred photometrically and confirmed
spectroscopically in several T dwarfs providing evidence
of atmospheric quenching driven by convective mixing
(Noll et al. 1997; Oppenheimer et al. 1998; Saumon et al.
2003; Golimowski et al. 2004; Geballe et al. 2009; So-
rahana & Yamamura 2012; Leggett et al. 2012). The
coldest T-dwarf with a disequilibrium CO detection is
Gl 570 D, which has a near infrared classification as a
T8 (Burgasser et al. 2006).
Phosphine is another signal of strong convective mix-
ing that has been observed in Jupiter (126 K), but it
was not seen in WISE 0855’s (250 K) L or M -band spec-
trum (Skemer et al. 2016; Morley et al. 2018). Jupiter
and WISE 0855 are nearly similar in temperature (126 K
vs 250 K), but phosphine’s abundance is only quenched
within Jupiter’s atmosphere. One of the goals of this
work is to understand the diversity of atmospheric mix-
ing between the parameter space of late-T dwarfs to early
Y-dwarfs to giant planets.
Water clouds are predicted to be significant sources of
opacity in brown dwarfs with effective temperatures be-
low ∼375 K (Burrows et al. 2003; Morley et al. 2014).
WISE 0855’s M -band spectrum shows evidence of water
clouds, because the spectral shape cannot be fit with a
cloudless model (Skemer et al. 2016; Miles et al. 2018).
Cloudy models work well for fitting WISE 0855’s nor-
malized M -band spectra in isolation, but matching the
available photometry is still an issue that could poten-
tially be resolved with the consideration of upper atmo-
spheric heating or other opacity sources (Esplin et al.
2016; Morley et al. 2018; Leggett et al. 2019a).
Extending the previous work of Skemer et al. (2016)
and Morley et al. (2018), we explore the atmo-
spheric properties of seven brown dwarfs with effec-
tive temperatures covering 700 K to 250 K and Jupiter
based on M -band spectroscopic data. In this study
we present new Gemini/GNIRS M -band spectral ob-
servations of WISEPA J031325.96+780744.2 (WISE
0313, Kirkpatrick et al. (2011)), UGPS J072227.51-
054031.2 (UGPS 0722, Lucas et al. (2010)), WISEPC
J205628.90+145953.3 (WISE 2056, Cushing et al.
(2011)), and WISEP J154151.65-225025.2 (WISE 1541,
3Cushing et al. (2011)). These new data are supple-
mented by previously published AKARI observations of
2MASS J0415-0935 and Gemini/NIRI observations of
Gl 570 D (Sorahana & Yamamura 2012; Geballe et al.
2009). The WISE 0855 M -band data presented in Ske-
mer et al. (2016) are re-reduced using the methods in
this work and added to the sample. All spectra are fit
better with disequilibrium CO abundances, even though
methane is the dominant carbon bearing gas at these
effective temperatures.
These observations address two questions: 1) What
do cool brown dwarfs look like spectroscopically across
the M -band and why? 2) Are there any trends in at-
mospheric quenching within this effective temperature
range?
The observations and data reduction methods for the
new M -band data are described in Sections 2 and 3. In
Section 4, the M -band spectral sequence ordered by lu-
minosity derived effective temperatures is shown. We
show that equilibrium models do not adequately recre-
ate the features of the spectra and disequilibrium abun-
dances of carbon monoxide are needed to fit the spec-
tra in Section 5. We briefly discuss the effect of carbon
monoxide and clouds in WISE 0855 and WISE 1541 and
their improvement of the spectral fits. In Section 6 we es-
timate the eddy diffusion coefficient for each object based
on carbon monoxide abundances and make predictions
for phosphine and ammonia, which are summarized in
Table 4. Lastly we discuss the implications of this work
for cold, directly imaged gas giant exoplanets that may
be discovered in the future.
2. OBSERVATIONS
We obtained observations of WISE 0313, UGPS J0722,
WISE 2056, and WISE 1541 over the course of a year at
Gemini North (Programs GN-2016B-Q-23, GN-2017A-
Q-5, GN-2017A-Q-32) using the Gemini near-infrared
spectrograph (GNIRS; Elias et al. 2006). These observa-
tions are complementary to the M -band spectra of WISE
0855 published in Skemer et al. (2016).
GNIRS was set up with the long camera (0.05′′/pix
resolution), 0.675′′ slit, and deep detector well depth set-
ting for all observations. There is uncertainty in the po-
sition of our objects due to their relatively high proper
motions. We use a 13.5 pixel wide (0.675′′) slit to avoid
missing the objects completely when placing them in the
slit. The deep well setting is needed to record more of
the bright sky background without reaching non-linearity
within the detector pixels. The 31.7 line mm−1 grating
covers the M -band from 4.5 µm to 5.1 µm at an effective
resolution of ∼ 7,400, which is eventually binned down
to a resolution of ∼370. Each spectral image is the sum
of 24 co-added 2.5 second long integrations. The total
integration time was 4.2 hours for WISE 0313, 2.4 hours
for UGPS 0722, 15.36 for WISE 2056, and 10.8 hours for
WISE 1541.
A single observation sequence of a target consists of
four spectral images in a ABBA pattern by nodding along
the slit. Each block of data typically takes the following
pattern:
1. Acquisition of first telluric calibrator star
2. First telluric calibrator star observation sequence.
(1 x 24 co-adds X 2.5 seconds)
3. Acquisition of brown dwarf
4. Nine brown dwarf observation sequences.
(9 x 24 co-adds X 2.5 seconds)
5. Re-acquisition of brown dwarf.
6. Nine brown dwarf observation sequences.
(9 x 24 co-adds X 2.5 seconds)
7. Acquisition of second telluric calibrator star
8. Second telluric calibrator star observation se-
quence.
(1 x 24 co-adds X 2.5 seconds)
Every brown dwarf target was acquired by blind-
offsetting from a bright, nearby star except for UGPS
0722. The position of the brown dwarf was calculated
into a standard reference frame using proper motion
propagation code and published parallaxes (UGPS 0722
- Kirkpatrick et al. 2012, WISE 0313 - Beichman et al.
2014, WISE 2056 - Kirkpatrick et al. 2019, WISE 1541
- Kirkpatrick et al. 2019). Every telluric calibrator is
an A0 or A1 type star that is nearby and within .2 air-
masses of its respective science target on the sky. The
before and after calibrator stars are kept the same for
an individual brown dwarf in all programs. A full break-
down of observations used for each object are listed in
Table 1.
43. DATA REDUCTION
A single subset of spectral data consists of a telluric
calibrator sequence and nine science target sequences. A
subset is reduced to create two extracted science spectra.
The final spectrum for each science target is the combi-
nation of all the extracted spectra from each subset of
that object.
3.1. Spectral Images Removed from Analysis
On occasion, the Gemini NOAO Aladdin Array Con-
troller1 will create a checkerboard pattern visible in the
A nod minus B nod (A-B) frames of calibrator and sci-
ence targets. Spectral images affected by this noise are
removed from the analysis. If the majority of a brown
dwarf’s observation sequence is affected by electronic
pattern noise, it is not included in the analysis. Ob-
servations affected by electronic pattern noise are noted
in the comments of Table 1.
Despite the short integration times used for our ob-
servations, some longer-wavelength skylines still reach
non-linearity. Wavelengths with count values in the non-
linear range are flagged and later removed during the
spectral extraction process (See Section 3.3). Clouds cre-
ate a bright and variable sky background that eclipses
the science target signal, making A-B sky subtraction
useless. The 2016 - 10 - 18 observations of WISE 2056
are excluded from the analysis due to this.
3.2. Spectral Image Reduction
Sections 3.2 and 3.3 of Miles et al. (2018) based on the
REDSPEC package (Kim et al. 2015) outline the pro-
cedure used for the sky subtraction, rectification, and
wavelength solution of the spectral image data. These
procedures are similar to the ones used to reduce the
WISE 0855 data presented in Skemer et al. (2016). Cen-
troids are fit along the traces of the mean A-B telluric
calibrator spectral images to estimate the deviation from
a straight line and create the spatial rectification map
used for interpolation. Rectification maps have coeffi-
cients for each row used for one-dimensional interpola-
tion. The spatial rectification map is applied to a mean
A nod plus B nod (A+B) image of the telluric calibrator,
where 12 sky lines are used to create a second rectifica-
tion map for the wavelength direction. The A-B spectral
images of the telluric calibrator and science target are
taken to subtract most of the sky background. Each of
these differenced spectral images are then interpolated
using the rectification maps derived from the mean cali-
brator image. Excess sky remains after nod subtracting
and rectifying the spectra, therefore at each row along
the entire wavelength direction, the median of the pixels
along the spatial direction is subtracted.
Following the ordering of the observational pattern
steps listed in Section 2, the rectification and wavelength
maps from the before telluric calibrator (Step 2) are ap-
plied to the first brown dwarf’s sequence (Step 4). The
rectification and wavelength maps from the after telluric
calibrator (Step 8) are applied to the second brown dwarf
sequence (Step 6).
1 http://www.gemini.edu/sciops/instruments/gnirs/known-
issues
2 numpy.interp
The wavelength solution for each subset is calculated
by fitting a second order polynomial to 13 sky emission
lines along the wavelength direction of the spatially and
spectrally rectified A+B calibrator images. The spec-
tral features are identified by referencing a model of the
Maunakea Sky3 smoothed to the resolution of the data.
3.3. Detector Non-Linearity
Earth’s atmosphere has strong background emission
across the M -band which can drive the detector into
a non-linear regime. A very conservative approach is
taken to address non-linearity on the detector for a bet-
ter telluric calibration. Pixels with values in the non-
linear response regime of >10,000 ADU per co-add4
are marked in every spectral image by creating a sep-
arate non-linearity image where 0 is linear and 1 is non-
linearity. These non-linearity images are also rectified
using the appropriate rectification map. Interpolation
causes surrounding pixels to be flagged (values above 0)
in the non linear regime even if they were not originally.
At most, 3.4% more pixels are flagged in the rectified
non-linear maps than in the original spectral image. For
a single subset (calibrator and science), the mean of all
of the non-linearity maps are taken to create a final sin-
gle map for the entire subset. If any pixel was flagged as
non-linear over the course of a subset it is masked from
the analysis.
3.4. Spectral Extraction and Error Estimation
After sky subtraction and rectification, a 3σ clip is
made for each pixel along the stack of reduced science
images in a subset to remove outliers. The mean of the
reduced science image is used for extraction. The re-
duced mean science image is collapsed over the spatial
direction by taking a mean weighted by noise in order to
find the positive and negative traces of the faint science
target. The boxcar extraction center and radius (1.5852
σ)5 of each trace are estimated by using the best-fit pa-
rameters of a Gaussian. The same extraction procedure
is applied to the reduced calibrator images.
The errors are estimated by taking the variance image
of a reduced stack of images and doing a boxcar extrac-
tion over the same center and widths as the respective
trace. The rectified non-linear maps created for each
subset (calibrator and science target pointing) are also
boxcar extracted to find the wavelengths affected by non-
linear pixels. If any pixel at a given wavelength within
an extraction width had a non-linear response, the entire
wavelength element is masked out in the final extracted
spectrum.
3.5. Telluric and Relative Flux Calibration
Calibrator spectra of A0 and A1 stars are taken to
remove the response of the telescope and Earth’s atmo-
sphere because the stellar spectra can be reproduced by
a black body function across the mid-infrared. The ex-
tracted science spectra are divided by a calibrator star
3 www.gemini.edu/sciops/telescopes-and-sites/
observing-condition-constraints/ir-background-spectra
4 https://www.gemini.edu/sciops/instruments/gnirs/spectroscopy/detector-
properties-and-read-modes
5 http://wise2.ipac.caltech.edu/staff/fmasci/GaussApRadius.pdf
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6and then multiplied by Planck’s law using the same tem-
perature of the calibrator star. The calibrator star HIP
39898 from the WISE 0855 program (Skemer et al. 2016)
has a visible Pfund hydrogen recombination line at 4.65
µm. This line is removed prior to division by fitting a
Gaussian to the feature. No calibrator stars from pro-
grams GN-2016B-Q-23, GN-2017A-Q-5, GN-2017A-Q-
32 show Pfund (7 − > 5, 4.65 µm) or Humphreys (11
− > 6, 5.12 µm) hydrogen emission across the M -band.
Spectra of A0 stars are taken at the beginning and end
of each observational block to assess the quality of the
telluric calibration. We extract the calibrator spectra
taken before and after each science target observational
block, normalize by the median, and then divide the be-
fore calibrator by the after calibrator. The ratio of the
normalized “before” calibrator to the normalized “after”
calibrator should be one, however there are deviations
which are interpreted as percentage errors included in
the final spectrum.
To get the final spectrum for each object, the nor-
malized spectra from every subset are placed into a sin-
gle array, then the data points are re-ordered by wave-
length. The data points are then binned using an average
weighted by the error to produce a 51 pixel length spec-
trum with a resolution of about 370 of each brown dwarf.
M -band observations are background limited and bin-
ning always increases the signal-to-noise per pixel along
the spectrum. The original WISE 0855 M -band spec-
trum was binned to 51 wavelength elements to flatten
out ringing variations in the telluric ratio. The objects
in this work are binned to the same amount of wave-
length elements for convenience. The spectra of UGPS
0722, WISE 0313, WISE 1541, and WISE 2056 are shown
in Figure 1.
3.6. Reduction Comparison with Skemer et al. 2016
The WISE 0855 data published in Skemer et al. (2016)
were re-reduced using the procedure described in this
work. The results are compared in Figure 2. In Ske-
mer et al. (2016), the pixels affected by non-linearity
10% or less of the time in a mean spectral image were
used in the extraction process. In this work, no non-
linearity is accepted and this primarily affects the redder
portion of the M -band spectrum where the sky is rela-
tively brighter. On the blue side of the M -band spectrum
there are fewer sky lines, leading to interpolation differ-
ences between this work and Skemer et al. (2016). Qual-
itatively, the two reductions show very similar spectral
shapes and absorption features across the M -band. The
spectral points are on average within 1σ of each other,
the largest differences are often in low signal-to-noise ar-
eas but the discrepancies are less than 3.5σ.
4. SEQUENCE OF COOL OBJECTS
4.1. Object Temperatures
Brown dwarfs are often classified by their near-infrared
spectral types rather than effective temperatures inferred
from models, because the molecular features associated
with certain spectral types can be proxies for effective
temperature (Kirkpatrick 2005). Near-infrared spectral
indicators have been used to infer properties such as sur-
face gravity, but these indicators are challenging to mea-
sure against the faint near-infrared emission of T and
early Y dwarfs (Allers & Liu 2013; Martin et al. 2017).
Model-derived properties do have drawbacks, but they
can be useful for predicting the gases or condensates that
should be observable and constraining other atmospheric
characteristics like vertical mixing, weather, and climate.
Each object is classified by the effective temperature de-
rived from estimated total fluxes and evolution models.
The adopted effective temperatures are derived from
published near- and mid-IR photometry which captures
50 % to 84 % of the emitted flux from these brown dwarfs.
Published near-infrared spectra could be used to con-
strain effective temperatures, but they do not cover the
wavelength range where cooler brown dwarfs emit most
of their luminosity and the spectra tend to dominate the
fitting process. The Sonora Bobcat grid evolution mod-
els (Marley et al. in prep.) of solar metallicity, cloudless
models are used to find a range of possible effective tem-
peratures for each brown dwarf. The evolution model
grid covers ages from 6000 years to 1 Gyr and masses of
0.5 to 102 Jupiter masses. We limit the mass range of
the models to be between 1 Jupiter mass and 83 Jupiter
masses. The 83 Jupiter mass upper limit is an estimate
on the boundary between hydrogen-burning stars and
brown dwarfs. Model ages are limited to cover from 1
Gyr to 10 Gyr; the only exception to this is UGPS 0722,
whose inferred age range is 60 Myr and 1 Gyr (Leggett
et al. 2012) based on kinematics. Gl 570D is assumed
to be over 1 Gyr due the lack of activity from a stel-
lar companion in the system (Burgasser et al. 2000). Gl
570 D and 2M0415 are assumed to have age upper lim-
its of about 10 Gyr due their kinematics placing them
in the Milky Way’s galactic disk(Burgasser et al. 2000;
Saumon et al. 2007). WISE 0313, WISE 2056, WISE
1541, and WISE 0855 do not have age constraints, but
are assumed to have ages between 1 and 10 Gyr because
they are all within 10 parsecs of the Sun like Gl570 D
and 2M0415. The effective temperature range is deter-
mined by the evolution models that equal the estimated
total flux derived from photometry. The adopted effec-
tive temperature is the Sonora grid atmospheric model
with the effective temperature closest to the mean of
the physical range. The Sonora Bobcat grid atmospheric
model covers effective temperatures between 200 K - 2200
K with 25 K increments below 600 K, 50 K increments
below 1000 K and 100 K increments below 2000 K. The
surface gravities span log(g) = 3.2 to log(g) = 5.5 with
increments of .25. Jupiter’s effective temperature of 126
K is adopted from Li et al. (2012).
The list of substellar objects studied along with their
published and adopted properties are shown in Table 3.
The adopted effective temperature model spectra and
synthetic photometry are compared against the pub-
lished photometry in Figure 3. All of the estimated ef-
fective temperature ranges are consistent with previously
published temperatures (Gl 570D Burgasser et al. 2000;
Golimowski et al. 2004; Filippazzo et al. 2015, 2M0415 -
Golimowski et al. 2004; Saumon et al. 2007; Filippazzo
et al. 2015, WISE 0313 - Beichman et al. (2014), UGPS
0722 - Lucas et al. 2010; Leggett et al. 2012; Filippazzo
et al. 2015, WISE 2056 - Beichman et al. 2014; Leggett
et al. 2017; Zalesky et al. 2019, WISE 1541 - Beichman
6 Sonora Bobcat grid models -
https://zenodo.org/record/2628068#.Xb99ESV7lTI
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Figure 1. Each brown dwarf has a panel with a spectrum (Top) and the combined telluric ratio over the course of the program (Bottom).
The telluric ratio is a metric for how consistent a calibrator spectrum is over a 2 hour period when the science data are taken. Percent
deviations from unity are folded into the error bars of the final science spectrum of each object. The ratio between the before and after
calibrators departs from unity significantly near areas of low atmospheric transmission. The median deviation for all brown dwarf telluric
ratios is less than 2%, the largest deviations occur shortward of 4.55 µm where the deviations are as high as 14.5%
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Figure 2. Top Panel - Black - The final WISE 0855 spectrum
presented in Skemer et al. (2016), Orange - The same data from
Skemer et al. (2016) re-reduced using the methods described in this
paper and interpolated onto the same wavelength spacing as the
Skemer et al. (2016) spectrum. Error bars are plotted in black.
Bottom Panel - Blue Dashed Line - The absolute difference be-
tween the previously published spectrum and the re-reduced spec-
trum. The solid orange and black lines are the errors of each spec-
trum. The spectral shapes are consistent, however there are dis-
crepancies especially within regions of relatively low signal to noise.
et al. 2014; Leggett et al. 2017; Zalesky et al. 2019,WISE
0855 - Luhman & Esplin 2016; Morley et al. 2018. The
mean Sonora Bobcat evolution model-derived tempera-
tures for WISE 2056 and WISE 1541 are each 90 K and
60 K warmer than published BT Settl model fits pub-
lished in Beichman et al. (2014), but consistent with the
Morley model derived temperatures in the same paper.
4.2. M-Band Spectral Sequence
Figure 4 shows the M -band spectra of brown dwarfs
with effective temperatures from 750 K to 250 K and
Jupiter. The M -band spectrum of 2M0415 was taken
with the AKARI spacecraft and published in Sorahana
& Yamamura (2012). The adopted M -band spectrum for
Gl570D was taken using Gemini/NIRI and published in
Geballe et al. (2009). The AKARI spectrum of Gl570D
from Sorahana & Yamamura (2012) was not used be-
cause it has lower signal-to-noise than the Gemin/NIRI
spectrum. The spectrum of WISE 0855 is the re-reduced
version from this work. Jupiter’s spectrum taken with
the Short-Wavelength Spectrometer (SWS) on ISO (En-
crenaz et al. 1996) was binned down from a resolution of
31,000 to 370. WISE 0855 has a distinct spectral slope
compared to the rest of the sample that closely resembles
an equilibrium atmosphere dominated by water across
the M -band as shown in Figure 5. UGPS 0722 is the
object with the highest signal-to-noise in our program
and shows an absorption feature across 4.5 µm to 4.8
µm, peaking at ∼4.7 µm that looks similar to carbon
monoxide which has been seen in T-dwarfs like Gl229B
(Noll et al. (1997), Figure 6). Gl 570D, 2M0415, and
WISE 0313 show a similar absorption feature as UGPS
0722, but with less data quality for WISE 0313 and a
flatter spectral slope for 2M0415. Gl 570D’s absorption
feature and spectral slope closely resemble UGPS 0722’s
spectrum7. WISE 2056 and WISE 1541 look relatively
flat, but appear to have increasing flux at redder wave-
lengths. Carbon monoxide and the shape of its M -band
feature are discussed in more detail in Section 5.2. WISE
1541 (400 K), WISE 0855 (250 K), and Jupiter (126 K)
cover a temperature range of less than 300 K, yet they
express different spectral shapes and molecular absorp-
tion features. Jupiter’s phosphine (PH3) feature that
stretches from 4.5 µm to 4.7 µm is a tracer of atmo-
spheric quenching, but PH3 is not obvious for any of the
brown dwarfs. However, Jupiter’s metallicity abundance
is 3 times the solar value and that is important when
placing it in context to brown dwarfs which are being
modeled and discussed in this paper.
5. MODEL COMPARISONS
5.1. Equilibrium Models
In equilibrium, the dominant absorber across the M -
band is water for brown dwarfs below effective temper-
atures of 800 K and the spectral slope is most sensi-
tive to cloudiness and temperature (Morley et al. (2014,
2018), see Figure 5). A model comparison of the cloud-
less, equilibrium case for each brown dwarf is done using
the adopted temperatures found in Section 4 (Figure 8),
assuming surface gravity of log(g) = 4.5. The surface
gravities are not known, but have very little effect on
the shape of the normalized M -band spectra (Figure 7).
The cloudless equilibrium models do not adequately fit
the spectra of the brown dwarfs, because of increased
flux on the blue side of the models relative to the data.
However, water vapor absorption beyond ∼4.85 µm in
the equilibrium models do line up with a few dips in the
data for some brown dwarfs.
5.2. Disequilibrium, Carbon Monoxide Enhanced
Models
Vertical atmospheric mixing can bring up carbon
monoxide-rich gas from higher temperature regions into
pressure levels probed by the observations. CO is usually
observed in the K-band spectra of L and early T dwarfs,
but the much stronger transitions of the fundamental
band, centered near 4.7 µm, can be observed in the M
band in late T dwarfs, when the K-band CO features are
obscured by CH4 absorption. As mentioned earlier, the
brown dwarf Gl229B (900 K) showed absorption across
the M -band (Figure 1 and 2 in Noll et al. (1997)) that is
best-fit using atmospheric models with enhanced abun-
dances of carbon monoxide. CO has also been previ-
ously detected in the atmosphere of Jupiter (Be´zard et al.
2002). UGPS 0722 and other brown dwarfs in our sample
share similar characteristics with the Gl229B spectrum,
therefore we try to understand how much carbon monox-
ide can explain the variations between the spectra in our
sample.
The carbon monoxide enhanced models for the nor-
malizedM -band spectra fitting use pressure-temperature
profiles from the Sonora Bobcat models. The car-
bon monoxide abundance profile is changed for different
7 We adopt the Gemini spectrum because it has higher signal-
to-noise than the AKARI data. The AKARI spectrum does not
have an obvious CO feature, but it is consistent within error to the
Gemini/NIRI spectrum.
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Figure 3. Model spectra (Blue lines) of the adopted temperatures scaled to the appropriate distance of the respective brown dwarf
assuming thermochemical equilibrium, a size of 1 Jupiter radius, log(g) = 4.5, no clouds, and solar metallicity. The red points are the
measured photometry of the brown dwarfs, blue points are the photometry derived from the model spectra. The error bars are about the size
of the photometry points. There are major discrepancies across the near and mid-infrared, but the majority (50% - 89%) of the luminosity
is captured with the available photometry. Jupiter’s spectrum is real data was compiled by Mike Cushing (private communication)
and originally taken with the Cassini Composite Infrared Spectrometer (CIRS), Infrared Space Observatory (ISO) Short Wavelength
Spectrometer (SWS), and the Galileo Near-Infrared Mapping Spectrometer (NIMS). Shortward of 4 microns, Jupiter’s spectrum is entirely
reflected sunlight and without the Sun, the CH4, C2H6, and C2H2 emission lines would not be present. The synthetic photometry of
Jupiter is calcuated using the same bandpasses as the UGPS 0722 data.
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Figure 4. Normalized M -band spectra of cool substellar objects. The y-axis of each plot are set differently to emphasize carbon monoxide
absorption across the spectra. All of the brown dwarfs show evidence of carbon monoxide absorption indicating that their atmospheres are
out of chemical equilibrium. Carbon monoxide has been detected in Jupiter at very high spectral resolution. (Be´zard et al. 2002).
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Table 3
Sample of Substellar Objects with M band Spectra
Object Adopted Effective Temperature Temperature Spectral Spectral Type Surface Gravity
Temperature (K) Range (K) Reference Type Reference Range log(cm s−2)
Gl 570 D 750 K 716 - 812 re-fit in this work T7.5 Burgasser et al. (2006) 4.7 - 5.4
2MASS J0415-0935 700 K 649 - 734 re-fit in this work T8 Burgasser et al. (2006) 4.6 - 5.3
WISE 0313 650 K 606 - 685 re-fit in this work T8.5 Kirkpatrick et al. (2011) 4.6 - 5.3
UGPS 0722 550 K 522 - 558 re-fit in this work T9 Cushing et al. (2011) 3.7 - 4.4
WISE 2056 500 K 471 - 522 re-fit in this work Y0 Schneider et al. (2015) 4.4 - 5.0
WISE 1541 400 K 396 - 434 re-fit in this work Y1 Schneider et al. (2015) 4.3 - 4.9
WISE 0855 250 K 249 - 260 re-fit in this work >Y4 Kirkpatrick et al. (2019) 3.5 - 4.5
Jupiter 126 K - Li et al. (2012) - - 3.4
Note. — Objects in our analysis which have temperatures from 75 K to 125 K and M -band spectral observations. WISE 0855’s spectral
type was inferred with photometry in Schneider et al. (2016), no near infrared spectral observations have been taken. The range of possible
surface gravities for brown dwarfs in the last column are from the cloudless Sonora Bobcat evolution models and assume ages between 1
Gyr and 10 Gyr.
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Figure 5. Normalized M band spectra of cloudless, solar metal-
licitiy brown dwarfs of varying temperatures. In normalized space,
most of the temperature change can be seen shortward of 4.75
µm and at lower temperatures the spectral slope becomes steeper
across the M -band.
4.5 4.6 4.7 4.8 4.9 5.0 5.1
Wavelength ( m)
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
Fl
ux
 (W
/c
m
2 /
m
)
Sky Transmission
CO = Equilibrium
CO = 10 5
CO = 10 4
Figure 6. M -band spectra of a 550 K cloudless, solar metallicity
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carbon monoxide abundance influences the entire M -band spectral
region. The sky transmission is plotted in magenta at the top of the
figure and lower transmission areas typically correspond to higher
telluric errors.
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spectrum the most, the data quality is typically poor(see Figure 6).
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Figure 8. The M -band spectra of each brown dwarf (Color) plot-
ted against the same temperature cloudless, solar metallicity, chem-
ical equilibrium model (Light Grey). The models are binned down
to the number of elements in the data and then interpolated onto
the data’s spectral grid. In all cases the models have steeper spec-
tral slopes, which cannot be explained by temperature alone. The
y-axis does not show the full range of spectral data to emphasize
absorption features.
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quench abundances of carbon monoxide. Moderate reso-
lution spectra are generated as described in the Appendix
of Morley et al. (2015). For each adopted effective tem-
perature and surface gravity of log(g) = 4.5, a model grid
with CO mole fractions between 10−7 and 10−4 (spaced
by a factor of 3) are fit against the M -band spectra.
Adding carbon monoxide alters the M -band from 4.5 µm
to 4.95 µm by flattening out regions of the spectrum and
leaving a peak at 4.7 µm (Figure 6). Figure 9 shows
the best fit carbon monoxide enhanced models for each
brown dwarf. All of the brown dwarfs needed disequi-
librium carbon monoxide abundances to achieve a better
spectral fit. These best-fit mole fraction values of car-
bon monoxide range from values of 10−4 to 10−7, with
lower abundances at lower effective temperature. WISE
1541 still has some discrepancy on the blue portion of the
spectrum, where the disequilibrium model has a slightly
steeper slope than the data.
The expected equilibrium mole fraction of carbon
monoxide falls rapidly from∼10−7 to∼10−18 (Lodders &
Fegley 2002) within theM -band photopshere for effective
temperatures between 750 K and 500 K, which points
to atmospheric quenching driving the CO abundances of
our objects to disequilibrium. All of the objects in our
sample have disequilibrium CO abundances, therefore,
atmospheric quenching may be ubiquitous among cool
brown dwarfs and gas giant exoplanets. Directly im-
aged, gas giant exoplanets found around younger stars
tend to have lower surface gravities relative to field
brown dwarfs, making them prone to stronger atmo-
spheric mixing and expressing disequilibrium abundances
of molecules (Zahnle & Marley 2014). If future directly
imaged gas giants frequently fall somewhere within the
effective temperature range of the objects in Table 3, M -
band spectroscopy will be vital for their characterization.
The binned spectra presented in this work are fairly low
resolution (R ∼ 370), but Jupiter’s CO abundance is only
detectable with high resolution (ex. R ∼ 42,680 Be´zard
et al. 2002) ) spectroscopy. As we image colder and older
gas giants, higher resolution modes will be essential for
exoplanet-focused instruments.
5.3. Modeling Clouds and CO in WISE 0855
Carbon monoxide and clouds both have the potential
to significantly alter the spectral shape across the M -
band (Morley et al. 2014) and we briefly explore their
combined effect in this Section. The models described
in Section 2.3 of Morley et al. (2018) that have homo-
geneous clouds and varying amounts of carbon monox-
ide are used to fit WISE 0855’s spectrum. The effective
temperature is fixed at 250 K and the surface gravity is
fixed at log(g) equal to 4. The lower surface gravity used
for WISE 0855 is from Morley et al. (2018), though it
has a minor effect on the spectrum. Our cloudy model
grid covers CO mole fractions between 10−5 and 10−7.5,
including a model with no CO. The clouds are param-
eterized by the sedimentation efficiency (fsed) defined in
Ackerman & Marley (2001), where lower values of fsed
produce extended lower density clouds and higher values
produce thinner, dense clouds. Cloudy models have fsed
values of 2 - 10, spaced by increments of 2. Each model
is binned to the resolution of the data then interpolated
onto the wavelength spacing of the data for fitting.
The best fit model for WISE 0855 has an fsed value
4.5 4.6 4.7 4.8 4.9 5.0 5.1
Wavelength ( m)
0.5
1.0
1.5
F
Non-Equilibrium CO Model Comparison
   CO = 1 * 10 4, 
    750 K Model
Gl 570D
4.5 4.6 4.7 4.8 4.9 5.0 5.1
Wavelength ( m)
0
1
2
F
CO = 3 * 10 5,
  700 K Model
2M0415
4.5 4.6 4.7 4.8 4.9 5.0 5.1
Wavelength ( m)
0.0
0.5
1.0
1.5
F
CO = 3 * 10 5,  
  650 K Model
WISE 0313
4.5 4.6 4.7 4.8 4.9 5.0 5.1
Wavelength ( m)
0.5
1.0
1.5
2.0
F
CO = 1 * 10 5,  
  550 K Model 
UGPS 0722
4.5 4.6 4.7 4.8 4.9 5.0 5.1
Wavelength ( m)
0.0
0.5
1.0
1.5
F
CO = 1 * 10 5,  
  500 K Model
WISE 2056
4.5 4.6 4.7 4.8 4.9 5.0
Wavelength ( m)
0.0
0.5
1.0
1.5
2.0
F
CO = 3 * 10 6,  
  400 K Model
WISE 1541
4.5 4.6 4.7 4.8 4.9 5.0 5.1
Wavelength ( m)
0
1
2
3
F
CO = 3 * 10 7,  
  250 K Model
WISE 0855
Figure 9. The M -band spectra of each brown dwarf (Color) plot-
ted with a cloudless, solar metallicity model with the best fit ad-
justed carbon monoxide mole fraction (Light Grey). All brown
dwarfs need enhanced abundances of CO for a better fit. Warmer
objects typically have more carbon monoxide. The y-axis does
not show the full range of spectral data to emphasize absorption
features
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Figure 10. Comparisons of models with clouds, CO, and clouds
with CO. Both WISE 0855 and WISE 1541 are better fit with
CO and clouds, WISE 1541 shows significant deviations from the
models at shorter wavelengths within the M -band.
of 8 and CO mole fraction of 10−6.5 (Figure 10). Ac-
cording the Akaike information Criterion (AIC), adding
clouds to the model is justified because the metric pe-
nalizes the addition of extra parameters while assessing
relatively model quality. The AIC is chosen over the
Bayesian information criterion (BIC) because the true
model is not known (see Figure 3) and we are looking
for a relative comparison of goodness of fit. The AIC of
the best-fit cloud and CO model is 390.87, while the AIC
values of the cloud-only and CO-only models are 709.99
and 531.73 respectively. Clouds improve the spectral fits
compared to equilibrium in all cases, but clouds typically
make very broad wavelength changes along a spectrum
and should be constrained with a full spectrum or spec-
tral energy distribution of photometry in future work.
Our analysis supports the prediction from Morley et al.
(2014), that water clouds are a significant opacity source
in brown dwarfs under 400 K, and the clouds become
optically thick at temperatures between 375 K - 350 K.
The presence of water clouds in WISE 0855’s atmo-
sphere has been debated in the literature, but future
space-based facilities like JWST may be able place bet-
ter constraints on water clouds or other condensates. The
first evidence for water clouds on WISE 0855 came from
the work of Faherty et al. (2014), which used JMKO
- W2 colors to rule out atmospheric models that con-
tained no clouds and models with only sulfide clouds.
The first spectrum of WISE 0855 published in Skemer
et al. (2016) showed that a grey opacity source, repre-
senting water clouds, produces a better spectral fit to
the M -band data than an atmospheric model with no
clouds. The same spectrum of WISE 0855 was later
modeled with water ice clouds (Morley et al. 2018) show-
ing the same results as Skemer et al. (2016), providing
stronger evidence in favor of water clouds. The photo-
metric monitoring done with Spitzer presented in Esplin
et al. (2016) showed that WISE 0855’s variability was
irregular and did not have the same pattern between si-
multaneous Spitzer [3.6] and Spitzer [4.5] observations.
The authors claimed that the irregular photometric se-
ries was similar to other T-dwarfs, therefore the source of
the variability must arise from opacity sources common
to both Y and T-dwarfs, which could not be water clouds.
At the moment, it is likely not feasible to attempt low-
resolution spectroscopic monitoring of WISE 0855 from
the ground and near-infrared spectroscopic data have not
been taken with the Hubble Space Telescope. Photomet-
ric measurements may not be able to distinguish cloud
variability from heterogenous disequilibrium chemistry
or hot spots, therefore spectrographs like NIRSpec on
JWST will be needed for space-based, time series, obser-
vations to characterize WISE 0855 atmosphere.
6. ATMOSPHERIC QUENCHING AND OTHER
DISEQUILIBRIUM MOLECULES
6.1. Inferred Atmospheric Mixing from CO
The chemistry of cool substellar atmospheres is com-
plex and relies on many poorly constrained values such
as metallicity, gravity, abundances of trace gases, and
vertical mixing rates in the atmosphere. In this section
we are not attempting to provide exact calculations to
explain the disequilibrium abundances of carbon monox-
ide in our spectra, but understand what assumptions can
reasonably explain the spectral features within our sam-
ple and if fundamental assumptions need to be changed
in future work.
The strength of large scale vertical mixing is often pa-
rameterized by the eddy diffusion coefficient (Kzz) which
is defined by the equation
Kzz =
L2
τmix
(1)
where L is a length scale of mixing and τmix is the
timescale of mixing. Higher values of Kzz correspond to
shorter mixing timescales (τmix) within an atmosphere.
Molecules have a chemical timescale (τchem) at which
they are either created and/or turned into new products
and these processes are often strongly dependent on tem-
perature and pressure. If at a given pressure and temper-
ature, the mixing timescale of an atmosphere is greater
than the chemical timescale of a net reaction, that gas
has sufficient time to reach chemical equilibrium. If
the chemical timescale of a net reaction is greater than
the rate of mixing at specific pressure and temperature,
the molecule will not be in chemical equilibrium.
In the disequilibrium case, it is often assumed that the
detected abundance of a molecular species in the upper
atmosphere is set by the quench point, where the chem-
ical timescale is equal to the mixing timescale.
Following the prescription of Zahnle & Marley (2014),
the length scale is assumed to be equal to the pressure
scale height (H), which is calculated by
H = L =
kbT
µmhg
(2)
Assuming a log(g) equal to 4.5, the median scale height
for the 250 K - 750 K effective temperature range calcu-
lated between pressures of 10−4 to 105 bars spans from
32 km to 61 km. The corresponding mixing timescale
along the pressure-temperature profile is
τmix =
H2
Kzz
(3)
The eddy diffusion coefficient value of an object is
estimated by finding the point along the pressure-
temperature profile where the best-fit molecular abun-
dance is found in chemical equilibrium at solar metallic-
ity, then finding theKzz value required to match the mix-
ing timescale to the chemical timescale at that point. We
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explore the disequilibrium chemistry of three molecules:
carbon monoxide (CO), phosphine (PH3), and ammo-
nia (NH3). The equilibrium abundance information as a
function of pressure and temperature for CO and NH3
is taken from the Sonora Bobcat structure models. The
abundance of PH3 along a pressure-temperature profile
is calculated by doing 2-D linear interpolation8 over the
mole fraction contour lines versus temperature and pres-
sure in Visscher et al. (2006). The chemical timescale
equations for CO and NH3 are from Equations 12, 13,
14, and 32 of Zahnle & Marley (2014), which are derived
from empirical exponential fits to one dimensional mod-
els that treat vertical mixing like diffusion. The chem-
ical timescales for PH3 are derived for each pressure-
temperature profile using techniques in Visscher et al.
(2006). A constant entropy adiabat in the deep atmo-
sphere is assumed to extend the pressure range of the
Sonora grid from a log(P(bars)) of 2.2 out to a depth of
log(P (bars)) of 6. The value of µ along the extended
pressure-temperature profile is taken as the last value at
the high pressure end of the original profile. The mean
molecular weight only changes by .007% over the entire
profile before extension. With the extended pressure-
temperature profiles and the appropriate timescale in-
formation we can estimate the Kzz values and quench
points of CO, PH3, and NH3 for each brown dwarf in
our sample and Jupiter.
The atmospheric quench points are calculated for each
brown dwarf and Jupiter using the best fit CO values.
Initially, we assume a log(g) = 4.5 for all brown dwarfs
and Jupiter has a log(g) of 3.4. Jupiter’s CO abundance
profile is influenced by external factors, but the pressures
probed by the M -band extend to the depth where CO is
quenched (Be´zard et al. 2002; Visscher et al. 2010; Viss-
cher & Moses 2011). In Figure 11 the CO inferred quench
points are plotted along pressure-temperature profiles
representative of our gas giant sample. The quench
points for fixed values of Kzz are also plotted. Cooler
objects have less CO, but require larger eddy diffusion
coefficients to maintain those values. For fixed surface
gravity and Kzz values, warmer brown dwarfs will have
more CO gas detected in the atmosphere. Lower gravity
objects will have higher abundances of CO for the same
Kzz value at fixed effective temperature. Lower gravity
caused by youth is one of the reasons why directly im-
aged exoplanets near the L to T transition can display
enhanced CO relative to methane dominated T-dwarfs of
similar effective temperature (Barman et al. 2011; Miles
et al. 2018).
CO is a promising tracer for atmospheric quenching
in gas giants, but different spectral resolutions will be
required to capture the full range of quench levels pos-
sible. Between Kzz values of 10
2 cm2 s−1 and 108 cm2
s−1 the CO mole fraction changes by a factor of 1000 at
fixed effective temperature. From 700 K to Jupiter (126
K) the range of CO abundances spans mole fractions of
10−13 to 10−4. Jupiter’s relatively low CO abundance
has only been detected through high resolution spec-
troscopy, therefore brown dwarfs with smaller Kzz values
will also need more resolution at sufficiently high signal-
to-noise for CO detections. The best fit CO abundances,
inferred Kzz values, PH3 abundances, and NH3 abun-
8 scipy.interpolate.griddata
dances are listed in Table 4. The abundances of PH3
and NH3 based on CO will be discussed in Sections 6.3
and 6.4.
The surface gravities of the brown dwarfs in our sam-
ple have not been directly measured, but it is an impor-
tant parameter for inferring Kzz from the data. Warmer
brown dwarfs have higher surface gravities for fixed age
ranges, which leads to higher values of Kzz. However,
when accounting for this effect Jupiter and WISE 0855
still have higher Kzz relative to their warmer counter-
parts (Figure 12). Since surface gravity is an uncon-
strained parameter, Kzz is inferred for each surface grav-
ity value that exists on the Sonora model grid described
in Section 5 for all of the brown dwarfs in our sample
(Figure 13).
6.2. CO and Implications for Atmospheric Energy
Transport
Brown dwarfs have deep convective interiors and radia-
tive upper atmospheres, which respectively use convec-
tive motion and thermal radiation as the primary mode
of energy transport (Kippenhahn et al. 2012, Figure 14).
Brown dwarfs with effective temperatures between 400
K and 750 K have detached upper convective zones with
radiative zones in between that could inhibit transport
of higher temperature, CO-abundant material into the
lower pressure regions of the atmosphere. The radia-
tive zones in between the detached convective zones have
steeper temperature gradients that could hinder convec-
tion and lower the value of Kzz estimated from the CO
abundance.
The presence of detached convective zones within our
brown dwarfs is explored by estimating the maximum
value of Kzz possible. We calculate Kzz using Equation
4 from Zahnle & Marley (2014), which assumes an ob-
ject’s intrinsic flux the only driving force behind convec-
tion. A Kzz maximum is estimated for a given effective
temperature and surface gravity, then compared to the
CO-inferred Kzz values in Figure 13. Jupiter and WISE
0855 have CO-inferred Kzz values that are near the es-
timated maximum mixing rate. The warmer (> 400 K)
brown dwarfs have Kzz values that are up to five fac-
tors of 10 below the estimated maximum mixing rate.
The CO quench points of the warmer brown dwarfs lie
within the radiative zones (Figure 14), which could be
suppressing the rate of vertical mixing below the theo-
retical maximum. At 400 K and assuming a log(g) = 4.5,
WISE 1541 is supposed to have two convective zones sep-
arated by a radiative layer, but uncertainties in gravity
and temperature can make the difference between being
fully convective and having detached convective zones
split by radiative zones. Measured Kzz values that are
significantly below the theoretical upper limit could be
a signature for detached convective zones if this trend is
verified in more brown dwarfs and other directly imaged
gas giants.
The brown dwarfs in our sample are assumed to re-
semble the atmospheres of widely separated gas giant
exoplanets. Carbon monoxide absorption across the M -
band can constrain the atmospheric quenching of gas gi-
ant exoplanets, but it also reduces their detectability as
shown in Figure 6, where larger amounts of CO dimin-
ishes the total flux across the M -band (See Figure 4.
Saumon et al. 2003). Cold, directly imaged exoplanets
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Figure 11. This log pressure vs temperature plot contains contour lines of carbon monoxide (CO) mole fractions (orange lines) under equi-
librium conditions. The numbers on each orange line represent the exponent value of that mole fraction contour line. Hotter temperatures
and pressures correspond to higher abundances of CO. The black lines are pressure-temperature profiles of the adopted log(g) = 4.5 model
for each brown dwarf in our sample. From top to bottom the effective temperatures are 750 K (Gl 570D) , 700 K (2M0415), 650 K (WISE
0313), 550 K (UGPS 0722), 500 K (WISE 2056), 400 K (WISE 1541), and 250 K (WISE 0855). Jupiter’s pressure-temperature profile
(magenta) is created using a hydrogen-helium mixture equation of state form (Chabrier et al. 2019) and structure modeling developed in
Thorngren et al. (2016) . Jupiter’s P-T profile is below all of the brown dwarf pressure-temperature profiles. The greyscale dots represent
quench points for fixed values of Kzz . The orange squares are the quench points based on the best fit carbon monoxide enhanced model.
Jupiter has a quench point estimate using CO constraints from Be´zard et al. (2002). The best fit CO mole fraction tends to decrease at
lower effective temperatures, but the amount of mixing required to keep those disequilibrium abundances increases towards lower effective
temperatures. Jupiter has a lower surface gravity than the adopted brown dwarfs causing the offset in constant Kzz value quench points.
and wide companions may have the advantage of be-
ing associated with a host star that can be aged and
prospects for dynamical mass constraints. This informa-
tion could reduce the parameter space over which Kzz
can be estimated for these worlds and maybe even pro-
vide the measurements needed to understand the funda-
mental driving forces behind atmospheric mixing.
6.3. Phosphine
Phosphine (PH3) is a signature of disequilibrium chem-
istry that has been detected within Jupiter’s L and M -
band spectra. Using the Kzz values inferred from CO, we
estimate the expected abundances of PH3 for the brown
dwarfs and Jupiter. The locations of the PH3 quench
points are shown in Figure 15 and the expected PH3 val-
ues have mole fractions from 10−6.7 to 10−6.25, quench-
ing at pressures similar to CO. The spread of possible
PH3 abundances are not as large as CO, but the feature
should be observable at mole fractions of 10−7 in low
resolution spectra from 4.5 µm to 4.65 µm (M -band)
and 4.05 µm to 4.10 µm (L-band) (Morley et al. 2018).
The vertical mixing inferred from CO tells us that PH3
should be observable in all of our brown dwarfs, but the
wavelengths where PH3 could be observable occurs in the
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Figure 12. Similar labelling as in Figure 11. The pressure versus temperature profiles for each brown dwarf, but with different surface
gravities based on age (See Table 3.) are plotted instead. UGPS 0722 is the upper most P-T profile, due to its lower surface gravity log(g)
= 4. The following P-T profiles from top to bottom are Gl 570D (log(g) = 5) , 2M0415 (log(g) = 5), WISE0313 (log(g) = 5), WISE 2056
(log(g) = 4.75), WISE 1541 (log(g) = 4.5), WISE 0855 (log(g) = 4).
Table 4
Summary of Inferred and Measured Chemical Abundances
Object Temp best fit CO Inferred Kzz Inferred PH3 Published PH3 Inferred NH3 Published NH3
(K) log mole fraction cm2 s−1 log mole fraction log mole fraction log mole fraction log mole fraction
Gl 570 D 750 K -4.0 4.9 -6.72 - -5.3 -
2MASS J0415 700 K -4.5 3.6 -6.97 - -5.2 -
WISE 0313 600 K -4.5 4.3 -6.80 - -5.1 -
UGPS 0722 550 K -5.0 4.4 -6.73 - -4.9 -
WISE 2056 500 K -5.0 5.3 -6.58 - -4.8 -4.44
WISE 1541 400 K -5.5 6.0 -6.26 - -4.5 -4.43
WISE 0855 250 K -6.5 8.5 <-6.25 <-6.30 -3.9 -
Jupiter 126 K -9.0a 8.2 - -5.96 - -3.2
Note. — Summary of chemical abundances for our sample assuming the adopted temperatures and a log(g) = 4.5 for the brown
dwarfs. All values the exponents of the log value. CO abundances are directly measured from the spectra or previously published
(a - Be´zard et al. (2002)). The PH3 and NH3 abundances of Jupiter are compiled in this link here. The inferred NH3 abundances
are from Zalesky et al. (2019). WISE 0855 has an estimate of PH3 not based on CO from the paper Morley et al. (2018).
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Figure 13. The best fit Kzz values versus temperature for the adopted models with different allowable surface gravities according to
the Sonora Bobcat evolution models. UGPS 0722 (550 K) is plotted as if its allowable age range is 1 - 10 Gyr old. Hotter substellar
objects have a wider range of possible surface gravities creating a larger spread in estimated possible Kzz values. The dashed lines are the
theoretical upper limits of Kzz assuming all of the energy from internal heat drives convection. From top to bottom, the theoretical curves
correspond to surface gravities of log(g) equal to 3.5, 3.7, 4.0, 4.3, 4.5, 4.7, 5.0, 5.3.
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Figure 14. Similar set up to Figure 11, except the dots of constant Kzz are removed and the model defined convective zones are highlighted
in blue. For Jupiter and WISE 0855, the inferred quench points lie within convection dominated zones, but for the warmer objects the
quench points can occur within a radiation dominated zone.
lowest transmission and lowest signal to noise regions of
the spectra. Phosphine absorption is not obvious by eye,
however more detailed analysis can place an upper limit
on abundances. WISE 0855 should have abundances of
PH3 that are detectable within the Gemini/GNIRS spec-
tra according to estimates in Morley et al. (2018), but it
was not seen in the data. Wang et al. (2017) also con-
cluded that a 500 K effective temperature brown dwarf
should have a PH3 mole fraction of 10
−6.5 down to at
least log(P) = 3, assuming a Kzz of 10
9 cm2 s−1. Be-
tween Kzz values of 10
2 to 108 the predicted disequilib-
rium abundance of PH3 can only change by a factor of
10 for brown dwarfs with effective temperatures of 400
K and above. The abundance contours of PH3 shown in
Figure 15 do cross some pressure-temperature profiles
twice, which could lead to degenerate measurements of
Kzz if PH3 is the only molecule measured. This is not
the case for CO because carbon monoxide abundance in-
creases with both temperature and pressure.
6.4. Ammonia
The onset of ammonia (NH3) is supposed to be a
defining feature of Y-dwarfs because of their cooler ef-
fective temperatures and like PH3 it offers another el-
ement to understand the composition of brown dwarfs
and exoplanets. Disequilibrium abundances of NH3 have
been previously detected in near- and mid-infrared brown
dwarfs spectra (Saumon et al. 2007; Geballe et al. 2009;
Leggett et al. 2010, 2015). We also estimate the abun-
dances of NH3 based on the Kzz values inferred from CO.
The predicted quench points of NH3 for specific values
of Kzz from CO are shown in Figure 16. Below a pres-
sure of 1 bar, the contour lines of NH3 abundances are
almost parallel with the pressure temperature profiles.
This implies that NH3 is a strong indicator of effective
temperature and comparatively less sensitive to atmo-
spheric quenching with respect to CO and PH3, which
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Figure 15. Similar labeling convention as in Figure 11, but the blue contour lines are the mole fractions of phosphine (PH3) and the blue
squares/triangle represent the inferred quench points of PH3 based on the Kzz values calculated from CO. All of the brown dwarfs should
have relatively high values of PH3 in their atmosphere as predicted in Morley et al. (2014), yet the L and M -band spectra do not show
strong PH3 absorption. Jupiter’s PH3 quench points occur in lower pressure and temperature regions outside of this plot
is in agreement with the results of Saumon et al. (2006).
From Kzz values of 10
2 cm2 s−1 to 108 cm2 s−1 the abun-
dance stays within a factor of 10 for warmer objects, but
this may be less true for cooler objects such as Jupiter.
The estimates for NH3 (Table 4 based on CO are consis-
tent with the NH3 abundances derived from retrievals for
WISE 2056 and WISE 1541 computed in Zalesky et al.
(2019).
At equilibrium, the nitrogen abundance is primarily
dictated by the balance between N2 and NH3, but there
are minor nitrogen bearing gases such as HCN that af-
fects where when the quenching point occurs at high
pressures and temperatures (Lodders & Fegley 2002;
Zahnle & Marley 2014). Minor nitrogen bearing gases
are only expected to change the abundance of NH3 by
∼ 10% or so, which may be difficult to detect with the
ground based data that is typically published, but an
effect to consider in the high quality spectra that will
be taken with JWST. HCN does have distinct opacity
signatures across the 3 µm - 5 µm range as shown in
Morley et al. (2018), but the opacity per molecule is
strongest at longer wavelengths with strong signatures
at ∼7µm and ∼14µm. MIRI/JWST and longer wave-
length instruments offer opportunities to understand the
nitrogen chemical networks in brown dwarfs and gas gi-
ant exoplanets.
7. SUMMARY
In this paper we combine new Gemini/GNIRS data
and previously published M -band spectra to create a
temperature sequence of 8 gaseous objects: Gl 570D,
2M 0415, UGPS 0722, WISE 0313, WISE 2056, WISE
1541, WISE 0855, and Jupiter. Our sample covers 750
K to 126 K, starting with brown dwarfs within the ef-
fective temperature range of the current coldest directly
imaged companions (ex. 51 Eri b, GJ 504b), extending
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Figure 16. Similar labeling convention as in Figure 11, but the green contour lines are the mole fractions of ammonia (NH3) and the green
squares represent the inferred quench points of NH3 based on the Kzz values calculated from CO. The NH3 mole fraction contours run
almost parallel with some of brown dwarf pressure-temperature profiles, therefore NH3 abundances are somewhat insensitive to atmospheric
mixing over the typical Kzz values in a gas-giant object.
into the regime of could-be discovered exoplanets, and
ending with our Solar System’s largest gas giant, Jupiter.
Enhanced abundances of carbon monoxide are detected
in all of our objects and mole fractions between 10−4 -
10−7 are needed to better fit the spectra. Clouds and
enhanced carbon monoxide were shown to improve the
spectral fitting for WISE 0855.
The best fit CO values are evidence for convection
driven, disequilibrium chemistry and the eddy diffusion
coefficient (Kzz) is estimated for each object based on
those abundances. The estimated Kzz values of the sam-
ple spans from 104 cm2 s−1 to 108.5 cm2 s−1. The coolest
objects in our sample, WISE 0855 and Jupiter, have es-
timated mixing strengths close to their theoretical up-
per limit, while brown dwarfs 400 K and warmer mix
below this limit. This may be due to the presence of
a predicted radiative zone at temperatures greater than
1100 K in the warmer atmosphere. Brown dwarfs and
directly imaged gas giant planets are mostly convective,
but warmer, higher gravity objects have detached con-
vective zones, where mixing could be less efficient within
the radiative layer and this is supported by our observa-
tions.
Using the estimated Kzz values from CO, predictions
are made for phosphine and ammonia. All of the brown
dwarfs should have detectable mole fractions of PH3 be-
tween 10−6.7 to 10−6.25, but none of them show obvious
absorbprtion within the M -band or previously published
L-band data. In addition to this, we may not understand
the behavior of phosphorous bearing molecules deep in
the atmosphere of brown dwarfs. Ammonia is relatively
insensitive to atmospheric mixing and our values of pre-
dicted NH3 based on CO estimates are consistent with
the retrieval analysis published in Zalesky et al. (2019).
The chemical abundances of PH3 and NH3 will be best
constrained with the medium resolution (R∼1,000), high
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signal-to-noise spectroscopy that can be achieved with
JWST.
Directly imaged, gas giant exoplanets are often tar-
geted while young, have lower surface gravities, and con-
dense clouds at lower pressures than similar effective tem-
perature brown dwarfs. Because of this, directly imaged
exoplanets may be susceptible to atmospheric quenching
and a delayed onset temperature for water clouds com-
pared to brown dwarfs (Morley et al. 2014). The preva-
lence of CO in objects that are likely older than a 1 Gyr
old suggests that disequilibrium CO absorption may be
common in colder gas giant exoplanets. Excess CO ab-
sorption not only has implications for atmospheric char-
acterization, but the overall detectability of these objects
in planet finding surveys. More robust Kzz estimates
and tests of atmospheric physics could be made if larger
numbers of substellar companions and directly imaged
planets with age or dynamical mass constraints can be
characterized. Cool brown dwarfs are excellent testing
grounds for refining our atmospheric models and making
predictions for observations of directly imaged exoplan-
ets. Future mid-infrared spectroscopic studies of brown
dwarfs and directly imaged gas giants will continue to
expand our understanding of atmospheric chemistry and
physics in gaseous objects.
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